The Next Generation Space Telescope (NGST), planned for launch in 2009, will be an 8-rn class radiatively cooled infrared telescope at the Lagrange point L2. It will cover the wavelength range from 0.6 to 28 tm with cameras and spectrometers, to observe the first luminous objects after the Big Bang, and the formation, growth, clustering, and evolution of galaxies, stars, and protoplanetary clouds, leading to better understanding of our own Origins. It will seek evidence of the cosmic dark matter through its gravitational effects. With an aperture three times greater than the Hubble Space Telescope, it will provide extraordinary advances in capabilities and enable the discovery of many new phenomena. It is a joint project of the NASA, ESA, and CSA, and scientific operations will be provided by the Space Telescope Science Institute.
. How did the Universe, galaxies, stars, and planets evolve? How can our exploration of the Universe and our Solar System revolutionize our understanding ofphysics, chemistry, and biology?
. Does life in any form -however simple or complex, carbon-based or other -exist elsewhere in the Universe? Are there Earth-like planets beyond our Solar System? NGST has been under study since 1995 and is planned to be launched around 2009, nearly 400 years after Galileo discovered the moons of Jupiter, over 60 years after Lyman Spitzer proposed space telescopes, and 50 years after the National Space Act created NASA. The mission is a logical successor to the Hubble Space Telescope (HST), and fits in the context of the other Origins missions: FUSE, SOFIA, SIRTF, SIM, and the Terrestrial Planet Finder and Planet Imager, which are planned or under construction. NGST logically depends on technology developed by SIRTF and HST, and, in turn, future missions will use NGST technology to search for terrestrial-sized planets.
NGST will be an 8 m class deployable, radiatively cooled telescope, optimized for the 1 -5 tm band, with background limited sensitivity from 0.6 to 10 im or longer, operating for 10 years near the Earth-Sun second Lagrange point (L2), 1.5 million km from Earth. it will be a general-purpose observatory, operated by the Space Telescope Science Institute (STScI) for competitively selected observers from the international astronomy community. NASA, the European Space Agency (ESA) , and the Canadian Space Agency (CSA) will build NGST, with construction to start in 2003. The planned NASA part of the construction budget is $500 M (FY96), but the combined total of NASA, ESA, and CSA contributions, including launch, operations, grants, technology development, and inflation, will be around $2B (in real year dollars). This sum represents about one quarter ofthe amount invested in HST.
NGST will be a unique scientific tool, with excellent angular resolution over a large field of view, deep sensitivity and a low infrared (IR) background. As a cold space telescope, NGST will achieve far better sensitivities than ground-based telescopes. Figure 1 .1 [1 .2] shows the background levels from Mauna Kea and in space. They differ by one to six orders of magnitude, depending on wavelength. NGST will have diffraction limited resolution at 2 tm or better, and will achieve much higher Strehi ratios and wider fields of view than anticipated from ground-based telescopes using adaptive optics. NGST's aperture is an order ofmagnitude larger than SIRTF's, with a factor of 100 better sensitivity.
NGST will be able to observe the first generations of stars and galaxies, including individual starburst regions, protogalactic fragments, and supernovae out to redshifts ofz 5 -20. NGST will resolve individual stars in nearby galaxies, penetrate dust clouds around local star-forming regions, and discover thousands of isolated sub-stellar and Kuiper Belt objects. In 2009, it will be NASA's premier general-purpose observatory, serving the needs of thousands of astronomers and pushing frontier knowledge far beyond the currently known Universe. The NGST design also opens the door for an affordable "product line" of observatories for the future. . The two lower curves show the zodiacal background at I and 3 AU respectively, with a contribution at longer wavelengths from the 50 K optics.
wavelength (microns) 2. SCIENCE GOALS 2.1 The Dressier "Core" Mission: The Origin and Evolution of Galaxies Motivated by the spectacular success of HST in pioneering the exploration of high-redshift (z > I) galaxies and clusters, the HST & Beyond Committee [2. 1] foresaw the enormous potential of a scientific successor to HST, optimized for the near infrared (1 -5 tm), that would ". . .be an essential tool in an ambitious program of study in many areas of astronomy; it will be especially powerful in studying the origin and evolution of galaxies. By making detailed studies of these distant galaxies, whose light is shifted into the infrared portion of the spectrum, we will be able to look back in time to study the process of galaxy formation as it • Distant star-forming galaxies have been observed and studied down to magnitudes as faint as B 29 and z -5.6 by HST and ground-based 8 and 10 m telescopes. [2.6-2.12]
• The low but detectable metallicity of the Lyman-alpha forest and damped Lyman-alpha systems have provided evidence for the early formation of stars at z>4. . Morphological and spectroscopic surveys of galaxies with 0 <z < I will be reasonably complete -likely showing that the assembly ofmany galaxies has occurred before this relatively modem epoch.
. Large samples of luminous galaxies with redshifts 1 < z < 4 will be obtained by HST, SIRTF, and the 8 to 10 m diameter ground-based telescopes. We may know when large, mature galaxies first appear but not how.
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Redshift records will continue to be broken. However, we will likely not know whether the redshifts of the first, crucial episodes of "galactogenesis" have been reached. Rare, bright, J-band dropouts (high-redshift galaxies with z> 9) will be detected and confirmed. However, without NGST, the samples will remain too small and of little use in constraining models of early galaxy formation.
In 2009, NGST will be poised to build upon these foundations to complete our understanding of the formation and early evolution of galaxies such as the Milky Way. Other facilities will have exploited their capabilities and have "hit the wall" as they attempt to reach fainter, redder targets. Although ground-based NIR observations will benefit from adaptive optics, their "wall" will be the dramatic increase in atmospheric emission at NIR wavelengths. For HST, it will be the thermal emission from the entire telescope at ? > 1 .8 tim; for SIRTF, it will be the inherent limitation of a 0.8 m aperture. The NGST Ad Hoc Science Working Group (ASWG) and oversight bodies such as the Science Oversight Committee (1996-97) and the NGST External Science Review (NESR, 1998) concur that understanding the origins and evolution of galaxies is NGST's primary science goal. To do that, we need attributes that only NGST will possess, capabilities that will make it the premier observatory at the end ofthe next decade, enabling such studies as:
. Detecting the earliest phases of star and galaxy formation -the end of the "dark ages" ( . Quantitatively measuring the fundamental properties of individual galaxies. This will be enabled by emission-line and absorption-line spectroscopy, with broad spectral coverage and low-to-moderate spectral resolution (R R 300 (0.6 -5.0 tm) for redshift confirmation, cluster membership, and ages ofstellar populations; R -1000 (0.6 -5.0 jtm or longer) for star formation rates, metallicity, and reddening ( Fig. 2 .2); R 3000 (1.0 -10 tm) for dynamics (mass).
• Statistically analyzing high-redshift galaxy properties, clustering, and rates of interaction. This will be accomplished with wide field (-4' x 4') imaging and spectroscopic surveys. This angular size corresponds to restframe scales I Mpc x 1 Mpc (for 0.5 <z < 5.0 and all reasonable cosmologies) and will include all likely progenitor substructures within galactic regions comparable to the Local Group, as well as the central regions of distant clusters of galaxies. (Fig. 2. 3)
Detecting and diagnosing dust-enshrouded regions hiding massive star formation or active galactic nuclei during the epoch of greatest star formation to a minimum of z 2. Resolving the mid-infrared (MIR) and far-infrared (FIR)
backgrounds would be enabled with the NGST stretch goal of MIR imaging and spectroscopy (5 -28 tm). (Fig. 2.4) 2.2 The Structure and Chemical Enrichment of the Universe The geometry and structure of the Universe, as well as its history of element formation, is intimately related to the formation ofgalaxies. In the coming decade, the MAP and Planck missions will measure the power spectrum ofthe Cosmic Microwave Background (CMB) at z -1300 and, using standard models, will provide or constrain key cosmological constants. NGST will play a powerful complementary role in determining the distribution of mass and light on small scales. Large microlensing imaging surveys will use the wide field, superb angular resolution, and excellent 0.6 -5.0 jm sensitivity ofNGST to measure the mass structure of the Universe at z I -5 on scales smaller than those probed by CMB measurements from space or possible from the ground or HST.
Anticipated science programs include:
. The dark matter halos of galaxies to redshifts ofz 5 will be weighed statistically by deep imaging of selected fields.
The growth of galaxy clusters to redshifts ofz = I -3 will be measured using multi-color deep imaging of selected highredshift clusters and proto-clusters discovered by AXAF, Planck, and ground-based surveys.
. The statistical properties of the distribution of matter on scales of I -10 Mpc can be found from wide-area, highresolution NGST imaging surveys (>1 deg2). These scales are larger than those of galaxy clusters and smaller than those probed by the CMB satellites and ground-based surveys. [2.35]
These imaging programs are comparable in depth and required field of view to those used for the study of galaxy evolution. Such surveys also provide an excellent method for discovering Type Ia and Type II supernovae (SNe) at redshifts between I < z < 5. Supernovae at even higher redshifts could be confirmed by NGST and followed, using ground-based survey telescopes, to detect their brief but luminous ultraviolet precursor transients. Measuring the rates and galactic associations of Type Ia and Type II supernovae will provide an independent assessment of the history of element production. We expect that NGST will be crucial in extending the observations of Type Ia supernovae beyond z 0.9 to z -5. Only at the higher redshifts is it possible to distinguish between the behavior of Type Ia supernovae with cosmologies involving only H0, m
and A' and models with significant SNe evolution or smoothly distributed gray obscuration ( Fig. 2 .5). Such data will provide measurements of the cosmological parameters, which are independent of and complementary to those derived from the CMB missions.
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These science programs will require coordinated preparation and data analysis efforts by the community to optimize the science return:
. The weak lensing surveys will require well-characterized, high-resolution, point-spread functions over the entire wide field of view and wavelength range (0.6 -5 tim). This can be accomplished either by special calibrations or some form of continuous figure sensing of the individual primary segments.
• To follow the light curves of supernovae, the NGST science operations must respond to new supernovae discovered in NGST fields within I week. The time dilation at high redshift helps relax this requirement compared with that needed for nearby supernovae. NGST also must return to the same field, perhaps in a different orientation, over periods of two weeks to six months (for the highest redshift supernovae). 4000 5000 6000 7000 
The Processes of Star and Planet Formation
This key Origins topic will be addressed by many ground and space observatories and over a broad range of wavelengths (Angstroms -millimeters). Nevertheless, NGST, with an extended MIR wavelength coverage (5 -28 j.tm), will have a unique role in this area, comparable in importance to MMA/LSA. The potential studies in this arena are essentially limitless and depend crucially on the available spectral resolutions and MIR wavelength coverage. We foresee the following examples:
• Characterizing the physical processes through which stars are built and their final masses determined. MIR spectroscopy will diagnose the accretion shocks in protostellar systems, while NIR imaging will reveal outflow shocks and jets near their source, with a resolution of-j 2 AU.
• Tracing the structure and evolution of circumstellar material, from the massive envelopes of Class 0 protostars to the protoplanetary disks of pre-main sequence stars, and finally to the dissipation of these disks into mature debris disks of main sequence stars. NIR and MIR spectroscop of gas and dust features, their excitation, and their radial variation within the circumstellar region will permit study of the growth of dust grains toward planetesimals. the chemical processing of disk gas. and the disk dissipation mechanisms that define the time available for planet formation. High resolution NIR and MIR imaging with NGST sill be a powerful probe of the distribution of cool material in dense circumstellar regions, allowing the resolution of AU-scale structures. Images in thermal emission, and perhaps also in reflected light if a coronagraph is provided, will enable direct study of central holes and radial gaps in massive protoplanetar) and tenuous debris disks. Such dvnamicall driven internal structures provide indirect evidence of the presence of planets.
Detecting and characterizing substellar objects. Ground-based sky surveys and adaptive optics programs are nov beginning to discover significant numbers of isolated and companion brown dwarf stars. However, these observations will he limited to the bright (high mass/low age) end of the substellar luminosit function and to wide binary companions. Only NGST will have the needed combination of high angular resolution, high sensitivity. arid a stable PSF for high-contrast imaging of faint substellar companions in planetary orbits. By observing at 5 .ini with a graded-mask coronagraph. the baseline NGST configuration will be able to directly detect planets with Jupiter's mass, age. and orbital semi-major axis around more than 90% of the single stars within 8 pc of the Sun ( 50 systems). By detecting planetari. photons directly. NGST will provide the first opportunity to spectrally characterize exoplanet atmospheres. In conjunction with mass determinations for the companions from astrometric surveys. NGST observations will allow the theoretical cooling curves for substellar objects to be checked against actual luminosity and temperature measurements. Finalls. by taking the first direct images of planets orbiting other stars. NGST will make a strong impact on the minds of the general public. • Provide examples of NGST science to stimulate further inputs from the astronomy community.
• Provide descriptions of science programs in sufficient detail to derive secondary requirements/capabilities of the observatory.
• Provide a semi-quantitative basis for trade studies (e.g., sensitivity versus field of view).
These science programs have been assembled by the NGST Ad Hoc Science Working Group under five themes and can be accessed through the NGST science website [2.36]. During the Formulation phase (Phase A/B), we will continue to solicit programs for the DRM from our international partners and the astronomy community. NGST science goals address key objectives in NASA's Strategic Plan as well as major research themes articulated by the astronomy community. These investigations are crucial to our understanding of the early formation of galaxies and their subsequent evolution. The statistical analyses of deep fields and the observations of distant supernovae and star-formation regions will unveil clues to the underlying structure and chemical evolution of the Universe. Investigations of star and planetary systems through observations in the MIR will clarify formation processes in new systems and discover the fossil evidence of formation in stars like the Sun. The key science goals detailed in the Design Reference Mission clarify the technical requirements for NGST and represent a broad range of investigations. With its high resolution, large field of view, deep sensitivity and low background, NGST will be the next major step in enabling Origins research. 
The Yardstick Optical Telescope Assernhl
The Yardstick optical configuration is a three-mirror anastigmat that provides a real, accessible pupil and permits a relativelr fast primary mirror to minimize telescope length. This design provides excellent imaging over a field of more than 20 arcniinutes with achievable alignment tolerances A real pupil permits the use of a deformable mirror ( I)M for wavefront correction, and a fast steering mirror for fine pointing using niiage compensation. Ihe primarr niirror is a compact 8-ni diameter segmented aperture. It is composed of a central mirror segment. with a diameter of 3.3 m. surrounded hr eight petals. The petals are folded alternately up and down and deployed after launch ( Fig. 3.2) .
The Yardstick mirror is made of beryllium. thermally controlled with verr low poss er heaters (20 ni \\' total) so that its figure remains insensitive to rapid or large positioning slews. The areal density of the priniarv mirror assenihlr (mirror, actuators and backup structure) is 13 kg/rn. The DM provides a design margin for figure errors in the primar\ mirror. nicludiiig those due to gravir\ release, thermal gradients, or edge et'bcts. Ihe DM will correct the waveiront so that the sr stem will he diffraction limited below 2 pm.
Jnlike telescopes such as 1-1ST that are launched f'ullv assembled. NGS1 must be able to compensate for errors in Simulation of typical wavefront errors due to polishing. thermal gradients. etc., and diffraction effects due to aperture notches, gaps and obstruction of the secondary mirror support. indicate that the final image will have a Strehil ratio of about 81 to at 2 tim, and ("% at 0.6 am with --' -' ial DM correction. 
Integrated Science Instrument Module
The Integrated Science Instrument Module (ISIM) consists of a cryogenic instrument module, integrated with the OTA, and processors, software, and other electronics located in the Spacecraft Support Module. The ISIM provides the structure, environment, and data handling for several modular science instruments as well as components of the OTA system--the tertiary mirror, DM, and fast steering mirror.
Following the 1996 NGST study [3.4], the NASA Project undertook a detailed design study of the ISIM [3.5] to demonstrate the engineering feasibility ofthe mission's science goals, assess the required technologies, and revisit the cost estimates. This study concluded that all engineering requirements of the baseline instrument complement including detector, thermal, and data systems requirements are feasible with technology that is expected to be mature in 2003 at the beginning of the implementation phase (Phase CID). In addition, this study suggested that a highly modular approach for the ISIM is possible, enabling procurement of individual instrument from science community teams.
Recommended Science Instrument Complement
To identify the best possible NGST instrument complement, the NASA Project Scientist charged the Ad Hoc Science Working Group to study the mission's scientific potential and possible instruments, and to recommend a suite of instruments that will meet the most important NGST science goals. The ASWG, comprised of the NASA, ESA, CSA, and STScI Project Scientists and representatives from the US (12), Europe (5), Canada (1) and Japan (1), weighed the recommendations of several panels of experts and heard from a large cross section of potential instrument builders and telescope users. The ASWG analyzed 16 different instrument concept studies: 7 US, 6 European, and 3 Canadian. An international industryuniversity Technical Review Panel evaluated the readiness of the proposed instrument concepts. The ASWG then weighed the instrument concepts against NGST's Design Reference Mission, the prioritized observing program described in section 2, and anticipated advances in ground-based observing technologies. ASWG members met with instrument concept study leaders, a group representing 26 international institutions, and ultimately recommended the NGST instrument complement described below. The NGST NASA, ESA, and CSA Project Scientists endorsed the ASWG recommendation.
Core Instrument Complement The following three-instrument complement is necessary to achieve the minimum scientific program for the NGST mission. There is no acceptable two-instrument complement that will achieve NGST's highest priority science goals.
Visible/NIR Camera
This camera will have near-infrared (NIR) and visible filters, a 0.6 -5 j.tm wavelength range, a 4'x 4' FOV, and 0.03" pixels (X/2D at 2.4 tm) requiring an 8k2 array detector. A basic spectroscopic capability with R A/X -100 is essential and will be provided either in this camera (e.g., with a slit and grism) or in the spectrograph described below. Sub-arrays within this camera could possibly serve as a guide star and wavefront sensor. A low-cost coronagraphic capability could also be provided.
This camera is required for most of the mission's highest-ranked science programs, including the detection of light from the first stars, star clusters or galaxy cores; the study of high-redshift galaxies seen in the process of formation; investigation of dark matter through studies of weak gravitational lensing; the discovery of high-redshift supernova; and studies of the stellar populations in nearby galaxies, young stellar objects in our Galaxy, and Kuiper Belt Objects in our Solar System.
NIR Multi-object Dispersive Spectrograph
A multi-object dispersive spectrograph will have a wavelength range of 1 -5 tm, R-1000, pixels matched to the sizes of high-redshift galaxies (-M.1"), a 3' x 3' or larger FOV, and be capable of observing >100 objects simultaneously. Ideally, the spectral resolution will be selectable and will extend down to R-400, unless this capability is provided in the Visible/NIR camera. The preferred technology for this instrument is micro-electro-mechanical systems (MEMS); (e.g., selectable micromirrors or micro-shutters). If this technology were unavailable, a multi-object spectrograph (MOS) with mechanically positioned slits (jaws or optical fibers) or a wide-field integral field spectrograph (IFS) would be acceptable alternatives at reduced observing efficiency.
The key scientific objectives of this instrument are studies of star formation and chemical abundances of young galaxies at high redshifts, measurement of the hierarchical development of large-scale structure at high redshifts, investigations of disk and gas structure in Active Galactic Nuclei (AGN), and the study ofthe initial mass function in young stellar clusters.
MIR Camera-spectrograph This combined camera/slit spectrograph will be sensitive over the 5 -28 tm mid-infrared (MIR) wavelength range with R-4500 and a 2' x 2' FOV sharing a single focal plane array. A low-cost coronagraphic capability could be provided.
The key scientific objectives for this instrument include the study of old, established, stellar populations at high redshift; mid-JR (MIR) diagnostic emission line features ofobscured star-bursts and AGN at z < 5; Ha emission to z-15; local group AGB stars; the cool stellar mass function; the physics of protostars; circumstellar disk mineralogy; the sizes of Kuiper Belt Objects; and faint comets. This instrument will be ideal for the detailed follow-up study of new MIR sources that will be discovered by the Space Infrared Telescope Facility (SIRTF) and Infrared Space Observatory (ISO).
Additional instruments:
The three-instrument complement will not be able to address all of the high priority NGST science goals. Each of the following three instruments addresses important, unique scientific objectives of NGST. One of the three is recommended for inclusion as a fourth instrument.
NIR integral Field Spectrograph A NIR integral field spectrograph (IFS), probably using an image slicer, will be able to exploit the full spatial resolution of the NGST at spectral resolutions up to R-5OOO in order to resolve the kinematics of small galaxies. This instrument will cover a contiguous 2" x 2" FOV with < 0.1' pixels. Key scientific objectives include measuring the masses ofyoung galaxies at high redshift, the study of galactic nuclei and AGN at high resolution, and investigations ofdense stellar clusters.
High Resolution Camera A high-resolution camera will be optimized for a wavelength range of 0.6 -1 jim and capable of sampling the full spatial FOV. Key scientific objectives include studies of the morphology of high-redshift galaxies, the study of stellar populations in nearby galaxies, the determination of the ages of globular clusters through observations of white dwarfs, and the study of circumstellar disks.
MIR integral Field Spectrograph
A MIR dispersed integral field spectrograph (IFS) will be sensitive over wavelengths 5 -28 jim, with R3000 -5000, high angular resolution (< 0.3") sampling of a contiguous 2" x 2" FOV. These spectral resolutions are required for studying gas phase physics in circumstellar disks, comets, and early protostars. If selected, this instrument could provide the R-1 500 capability of the combined MIR camera/spectrograph included in the core instrument complement. . Protecting the observatory from the Sun with a multi-layer shield; . Using a heliocentric orbit to decrease the Earth's thermal input; and . Configuring the telescope to have a large area exposed to space to improve radiative cooling. Baffles and stops prevent the science instrument detectors from directly seeing any surface other than the mirrors in the optical system. To make the thermal emissivity negligible compared with the zodiacal light, the back of the sunshield must be below 100 K (Fig.  3.3 ). This is accomplished by adding five low-emissivity layers behind the surface of the shield facing the Sun. The main optics then reach very low temperatures (< 40 K) and do not contribute significantly to the overall emissivity of the observatory 
Attitude Control and Sky Coverage
An offset geometry characterizes many NGST designs: the warm spacecraft support system is several meters away from the telescope. The problem of rigid pointing of the OTA to the required milli-arcsecond stability is solved by using an image compensation system [3.7]. The system is composed of a guiding sensor that monitors a star in the telescope's field of view [see Scientific Field of View in Section 4] coupled to a fast steering mirror to stabilize the line of sight. In the Yardstick concept, the NIR camera is used as a guiding sensor to eliminate the cost of a dedicated guiding system. The observatory can be pitched +1-25°offthe sunline and rolled 3600 about the sunline. The portion ofthe sky accessible is a 500 wide spherical band centered 200 away from the perpendicular to the sunline. This represents -40% ofthe entire sky. Full sky coverage is achieved in slightly less than 6 months. At any time, any target in the accessible zone can be tracked for a minimum of 7 weeks.
Launch and Orbit
The overall mass of the Yardstick NGST is approximately 3300 kg, within the capability of an Atlas hAS or the next generation of medium launchers (EELV Medium). The launch sequence is shown schematically in Fig. 3.4 . Deployment of the OTA occurs soon after launch, before the sunshield is deployed, while all the mechanisms are still relatively warm. Optics alignment can then begin, followed by science calibration as the telescope cools. The halo orbit at L2 is reached about 3 months later.
Science and Mission Operations
NGST's Science and Mission Operations will be simple and efficient because of the telescope's location at L2. Operations for NGST will be based upon an optimized long-range observing plan that consists of sequenced science programs ranging from large imaging surveys, often with pre-planned spectroscopic follow-ups, to intensive studies of individual objects. This long-range optimization is required since the amount oftime needed at some target positions will be more than is available in a single observing season (because of sun-angle constraints), and to minimize overheads. Development of detailed observing calendars will be relatively simple due to the lack ofsignificant Earth occultations.
STScI, with its long history and experience operating HST, will conduct NGST's science and operations. Maximizing NGST's science return within the constraints of a cost-capped mission is a major challenge. Making design choices based on total life-cycle costs is basic to meeting this challenge, as is reliance on a well-conceived Design Reference Mission as a primary discriminator in design trades. STScI's early involvement ensures that the organization charged with these tasks will have an effective voice in decisions that affect science and operations.
NGST grant and general observer support will be based upon the infrastructure developed for HST at STScI, modified to reflect the existence of "Legacy"-style programs that will comprise a significant fraction of the long-term science program. Legacy programs, a type of large program devised by the SIRTF mission, are a special class of observations conducted to meet the multifaceted research needs ofthe scientific community.
KEY TRADES AND DISCOVERY POTENTIAL
The current concepts for NGST evolved from a series oftrade studies during 1996-97 [4.1] and the feasibility studies done by TRW and Ball Aerospace in 1997-98 [4.2-4.3]. These focused on the cost and feasibility of accomplishing the NGST science goals described in the 1996 DRM [4.4]. A secondary goal was to maximize NGST's discovery potential, which, in addition to being a noble scientific goal, creates a science "contingency" and reduces the risk of science erosion during implementation.
Key Trade Study Results
. Orbit/Launcher: This most fundamental trade involves available launch capacity, thermal stability, and the cost of astronaut deployment. The chief scientific driver is the need to maintain a stable thermal and low aerotorque environment for the passively cooled optics. This will require a high-Earth orbit (HEO) or heliocentric orbit and effectively eliminates astronaut construction due to the difficulty of launch from low-Earth orbit (LEO) to HEO or beyond. Heliocentric orbits other than L2 were studied. The most intriguing case is the "1 x 3" AU elliptical orbit ( 1 AU perihelion, 3 AU aphelion) that might offer significantly lower zodiacal backgrounds at 2 -3 AU. A smaller but significant improvement can be obtained by orbits inclined to the zodiacal disk (by -47°). Such orbits require significantly greater launch capabilities than the Atlas 2AR baseline. It was found that the expected NIR detectors (InSb) would not take full advantage of the lower zodiacal backgrounds at 3 AU. Hence it was more advantageous to launch a larger mirror to L2 than a smaller mirror to 1 x 3 AU.
. Communications: Both RF and optical/laser communications were considered for the L2 orbit, with the former deemed adequate for the wide field NIR camera and typical integration periods of 1 000 s. The cost of the three ground observatories required for reliable optical communications was significantly higher than the radio ground station.
• Monolith or deployable primary mirror: The lack of a launch shroud with a diameter greater than 4 -5 m means the mission will require a deployable primary mirror and sunshade.
• Sunshade design and deployment: Both closed (like HST) and open sunshades were studied. Closed designs were either too heavy or difficult to deploy. For the open design, the scattering of starlight from dust on the optics is significant but acceptable for a I AU orbit (-40% of the zodiacal background at I AU for 1% dust coverage.) Long wavelength cutoff (primary mirror temperature): A recent study (.51 considered a spectruni of passive cooling solutions. At one extreme, the primary mirror is temperature stabilized at 100 K and the science instruments actlvel\ cooled to their operating temperatures. <30 K. The principal savings are testing and validating the telescope optics in chambers cooled b LN2 alone. Thermal emission from the optics and scattered radiation from the back of the sunshade precludes sensitive imaging and low-resolution spectroscopy at wavelengths longer than 5 rim. The other extreme uses a er. efficient sunshade and minimizes parasitic heating from the warm spacecraft. The Formulation phase (Phase AR) requirement to he zodiacal-light-limited to 10 pm at beginning of life reflects an intermediate design that uses art efficient sunshield and eliminates the need for active cooling of the NIR detectors. While not guaranteeing the minimum MIR background, the telescope background at 28 pm is still ten thousand times lower than the atmospheric background.
• Short wavelength cutoff: This trade will be completed during the Formulation phase (Phase A/B) studies. l'he technical issues are detector quantum efficiency (QE). mirror coatings. and contamination: Both !nSh and 1-lgCdTe NIR detectors have demonstrated good QE (>0.5) at visible wavelengths (0.4 -0.6 pm). Gold (0.6 pm cutoff) is a relatively simple and durable coating to apply to all optical surfaces, whereas over-coated silver (0.4 p.m cutoff) is more complex and delicate. The impact of contaminants accumulated during cool-down on the primary mirror is felt most strongly at wavelengths shorter than 0.5 pm. For these reasons, the Formulation phase (Phase A/B) requirement is that NGST will be capable of operating at wavelengths as short as 0.6 pm. while diffraction-limited at 2 pm.
• Scientific Field of View: The 4' x 4' field of view provides a 990/0 probability of obtaining a NIR bright guide star (K,13 -16) in the NIR camera for fine guidance control at 30 Hz. The current baseline for the ISIM provides a 10' diameter field of view for all science instruments and, if necessary. a dedicated guider. Larger fields of view require better control of residual primary mirror errors, a difficult matching of pupil and the DM. and field dependent defocus over the 2.5" RMS fine guidance region.
Still to come are trades involving operations (e.g.. level of real-time operation). the choice of ultra-lightweight mirror technologies, and the choice (by peer review) of the scientific instruments. cmini. and SIR If).
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The trades described above outline an observatory with enormous discovery potential both at 0.6 -10 p.m and at longer wavelengths. This is illustrated in Fig. 4 .1, which shows the time to achieve a broad-band, high-resolution wide field image with a variety of facilities: NGST. HST. Gemini (representing IR-optimized ground-based 8 m telescopes), and SIRTF.
NGST enjoys a significant background advantage over the ground at all wavelengths, a larger field of view over which highresolution images can be obtained (4' x 4' assumed) and a significant aperture advantage over SIRTF. Ihe shorter times required to achieve a given threshold sensitivity can translate into larger fields observed (more targets) or greater sensitivities.
At wavelengths between 2.2 and 10 F. NGST is many orders of magnitude faster than any other planned facility. In practice, it will have sensitivities several orders of magnitude better than even SIRTF because of source confusion in very deep observations. In this regard. SIRTF is a superb instrument for surveys of 10 -100 square degrees. NGST is best used for 14 4.2 Discovery Potential deeper observations of smaller pre-selected fields. At wavelengths longer than 10 p.m. NGS1 will surpass SIRTF by an order of magnitude in sensitivity despite a much higher MIR background. For NIR and MIR spectroscopY. it will he unsurpassed between 0.9 and 28 p.m (28 p.m is the cutoff for Si:As detectors) because NGST's thermal background is much reduced at high spectral resolution.
The uniqueness space" [4.61 for NGST is defined relative to the many large ground-based telescopes that will he operating h 2009. The criterion is that NGST be at least 100 times faster than an optirnall operated and equipped 8-rn telescope with laser guide stars and adaptive optics. In Fig. 4 .2. we show the uniqueness space for broadband, high-resolution imaging over fields comparable to those of NGST. NGST has a significant but limited range of uniqueness at visible wavelengths, bounded by the sensitivity achievable in a long NGST observation (I 0 s of co-added integrations) and the point where source noise becomes comparable to the background noise. In the NIR. the NGST imaging uniqueness space is very large the chart does not indicate the regions of atmospheric absorption or the region beyond 3.5 p.m where NGSl is essentially unchallenged from the ground. For moderate spectral resolution 2-1) spectroscopy (Fig. 4.3) . the effects of detector noise significantly narrow the uniqueness space. At this resolution and detector dark current. 0.02 epixel/s. NGS1 is no longer background limited in the visible or NIR (< 4 p.m). For spectroscopy of single faint targets, for instance, NGST would be used primarily in the NIR (> 0.9 gm). For high-resolution spectroscopy in the visible and J and K bands (R 5.000) or for visible imaging of large fields with 0.4' resolution, large ground-based telescopes are competitive with NGST. This is where the large telescopes planned for the next decade will make major contributions.
it is instructive to consider the relative power of NGST compared with that of HST. lIST is currently unique in the ultraviolet (0.1 -0.3 urn, a factor of three in wavelength). it has comparable sensitivity hut superior resolution over ground-based telescopes in the visible and NIR (0.3 -1.8 p.m. a wavelength factor of 6). NGST will have 10 to 100 times more imaging sensitivity and superior resolution at 2.5 p.m and will he comparable at 0.6 p.m. It will he unique in imaging and spectroscop\ from 2.5 -28 gui ta factor of 10 in wavelength). It is clear from this simple analysis that NGST will have at least as great an impact on astronom as HST. 
